Information from comparative proteome analysis of Mycobacterium tuberculosis and Mycobacterium bovis bacillus Calmette-Guérin (BCG) principally allows prediction of potential vaccine candidates. Thirty-six M. tuberculosis DNA vaccine candidates identified by comparative proteome analysis were evaluated in the mouse model for protection against low-dose aerosol M. tuberculosis infection. We identified the DNA vaccine candidate Rv3407 as a protective antigen and analyzed putative major histocompatibility complex class I epitopes by computational predictions and gamma interferon Elispot assays. Importantly, we discovered that the DNA vaccine Rv3407 improved the efficacy of BCG vaccination in a heterologous prime-boost vaccination protocol. Our data demonstrate the rationale of a combination of proteomics, epitope prediction, and broad screening of putative antigens for identification of novel DNA vaccine candidates. Furthermore, our experiments show that heterologous prime-boost vaccination with a defined antigen boost "on top" of a BCG primer provides superior protection against tuberculosis over vaccination with BCG alone.
Together with AIDS and malaria, tuberculosis remains a major health threat, particularly in developing countries (50) . Frequently, chemotherapy with at least three drugs over a period of several months is hampered by insufficient compliance, resulting in dramatically increasing incidences of multidrug-resistant strains of Mycobacterium tuberculosis (9) . The currently available vaccine, Mycobacterium bovis bacillus Calmette-Guérin (BCG), is the most widely used viable vaccine worldwide (2, 11, 12, 43) . BCG apparently fails to protect against the most common form of the disease, pulmonary tuberculosis in adults, but it prevents miliary tuberculosis in newborns and toddlers (11, 25) . This raises two issues: first, novel tuberculosis vaccine candidates, which protect against adulthood tuberculosis, are urgently needed (25, 38) ; second, BCG vaccination of newborns should be continued and not be given up prematurely. A solution which fulfills both requirements can be offered by heterologous prime-boost vaccination strategies comprised of priming with BCG and boosting with a novel vaccine candidate (4, 14) .
In preclinical trials, genetic immunization with naked DNA has proven to be a powerful antigen discovery tool and vaccination protocol (8, 16) . DNA vaccines use episomal vectors expressing antigens under eukaryotic promoters in the vaccinated host and therefore can elicit potent humoral and cellular immune responses comprising both CD4 and CD8 T cells (8, 16) . Several mycobacterial DNA vaccines have been shown to elicit protective immune responses in mice (7, 10, 21, 23, 31, 35, (45) (46) (47) (48) . However, considerable amounts of DNA are required, particularly in nonhuman primates and humans. In clinical trials, multiple high doses of DNA were required for the induction of immune responses (5, 27, 49) .
Elucidation of the complete genome of M. tuberculosis has provided a blueprint for the search for novel vaccine candidates (6) . However, the genome sequence alone cannot provide information about the protective value of candidate antigens. Hence, we have devised a two-step strategy in which genes encoding candidate antigens are predicted and then verified experimentally in preclinical vaccine trials in animal models. This strategy could be complemented by definition of correlates of protection.
We have developed such a strategy beginning with comparative proteomics for prediction of antigens which are uniquely present in the proteome of M. tuberculosis but absent in that of BCG (22) , followed by large-scale screening of predicted antigen candidates with naked DNA vaccine constructs. Assessment of vaccine efficacy in experimental animals by reduction of bacterial load in the lungs was complemented by in vitro determination of gamma interferon (IFN-␥) production. Our strategy identified one vaccine candidate out of 36 which provided protection similar to that afforded by BCG. This antigen also proved a promising candidate for heterologous primeboost vaccination strategies that included priming with BCG and boosting with the DNA vaccine. With this strategy, we achieved a protection superior to that conferred by BCG vaccination alone against tuberculosis.
MATERIALS AND METHODS
Mice. BALB/c mice were bred at the central animal facilities of the Max Planck Institute for Infection Biology at the Bundesinstitut für gesundheitlichen Verbraucherschutz und Veterinärmedizin (Berlin, Germany). Animals were kept under specific-pathogen-free conditions and fed autoclaved food and water ad libitum. In these experiments, female mice were used at 8 weeks of age. Groups of at least five mice were used in all experiments.
Bacteria and cells. M. bovis BCG strain Danish 1331 (Statens Serum Institute, Copenhagen, Denmark) was cultured in Dubos broth base (Difco, Detroit, Mich.) supplemented with Dubos medium albumin (Difco) at 37°C with shaking until bacterial growth reached an optical density at 600 nm of approximately 0.7 (equivalent to a cell density of approximately 10 8 cells per ml). M. tuberculosis H37Rv was grown at 37°C on Middlebrook 7H9 agar (Difco) supplemented with oleic acid, albumin, dextrose, and catalase enrichment 1339 (Difco) after passage through mice and subsequently in Middlebrook 7H9 liquid medium containing albumin, dextrose, and catalase enrichment (Difco) under shaking until bacterial growth reached an optical density at 600 nm of approximately 0.7. Mycobacteria were harvested by centrifugation, washed with phosphate-buffered saline without Ca 2ϩ and maintained in 10% glycerol at Ϫ70°C until use. Cellular proteins were prepared from whole-cell lysates as described previously (33) . The sonicate was stored at Ϫ70°C. P815 mastocytoma cells were obtained from the American Type Culture Collection (Manassas, Va.) and cultured in RPMI 1640 (Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 U/ml), and 2-mercaptoethanol (RP10).
DNA vaccine construction. M. tuberculosis genes were cloned into the DNA vaccine vector pCMVtPA (Chiron-Behring, Emeryville). It encodes DNA vaccine antigens as tissue plasminogen activator leader peptide fusion proteins under the control of the cytomegalovirus promoter. The DNA vaccine antigens were amplified by PCR with M. tuberculosis H37Rv chromosomal DNA as the template with gene-specific oligonucleotide primers containing additional cloning sites at their 5Ј ends.
PCR amplification was carried out in an Eppendorf Mastercylcer (Eppendorf, Hamburg, Germany) for 30 cycles with the following conditions: 94°C for 1 min, 56°C for 45 s, and 72°C for 1 min. The amplification products were purified by agarose gel electrophoresis and subcloned into the SmaI restriction site of the cloning vector pUC18. The resulting plasmids carrying the subcloned PCR products were identified by restriction endonuclease digestion, and the inserted sequences were confirmed by DNA sequencing. The verified sequences were cleaved from the pUC18 backbone by restriction endonuclease digestion specific for the incorporated 5Ј sites of the PCR products and subsequently ligated to the DNA vaccine vector pCMVtpa, resulting in the conclusive DNA vaccine constructs. The inserted sequences were verified by DNA sequencing. For DNA vaccination experiments, the DNA vaccines encoding unique M. tuberculosis antigens were purified with the EndoFree plasmid purification kit (Qiagen, Hilden, Germany).
Vaccination and challenge infection. BALB/c mice were immunized three times intramuscularly with 100 g of DNA per mouse (50 g per quadricep) at 21-day intervals. DNA vaccines encoding 37 M. tuberculosis antigens were tested. As a positive control, mice were vaccinated with BCG by intravenous injection into the tail vain (39) . Naïve mice were used as a negative control. At 120 days post-BCG vaccination and 21 days after the last booster immunization with DNA vaccine candidates, mice were challenged with M. tuberculosis H37Rv by an aerosol exposure system (Glas-Col) with an estimated infection dose of 200 bacilli per lung. For prime-boost experiments, animals were vaccinated intravenously with 10 6 BCG (prime). At 120 days after the BCG prime, the animals were twice boost-vaccinated with 100 g of DNA per mouse at an interval of 21 days. Mice were then aerosol challenged 21 days after the last booster vaccination. Protection was monitored on day 30 and day 60 postinfection by enumeration of bacterial CFU in lungs by plating serially diluted organ homogenates on Middlebrook 7H9 agar.
Identification of antigenic peptide epitopes encoded by the DNA vaccines. Possible major histocompatibility complex (MHC) I immunogenic peptide epitopes for the antigens Rv1511, Rv2520c, and Rv3407 were computed by the program MHC-I Antigenic Peptide Processing Prediction (MAPPP), which is available on the internet (http://mpiib-berlin.mpg.de/MAPPP). A combination of the proteasomal processing software FRAGPREDICT and PAProC with the MHC binding ligand predictions SYFPEITHI and BIMAS in the expert mode of MAPPP were used (17) . Parameters for FRAGPREDICT were set at 0.5 (minimal residue cleavage probability and minimal fragment cleavage probability) and at 0.15 in PAProC. We used the murine haplotypes H2K d , H2D d and H2L
d and a fragment length of 8 to 10 amino acids. The threshold was set at an overall score of 0.9 except for the gene product Rv3407, for which we chose an overall score of 0.84. All peptides predicted were either 9-or 10-mers. Purified peptides (Jerini, Berlin, Germany) were used in the Elispot assay with splenocytes of vaccinated and control animals. Cytokine Elispot assay. Frequencies of IFN-␥-secreting T lymphocytes with specificity for the Rv1511, Rv2520c, and Rv3407 MHC class I epitopes were determined by a modified enzyme-linked immunospot (Elispot) technique (15) . Briefly, 96-well Millititer HA nitrocellulose plates (Millipore) were coated with 5 mg of the anti-mouse IFN-␥ monoclonal antibody R4 (B&D, Heidelberg, Germany)/ml in 100 l of carbonate buffer, pH 9.6. After overnight incubation at 4°C, plates were washed twice with phosphate-buffered saline and blocked at 37°C for 2 h with 100 l of 1% bovine serum albumin in phosphate-buffered saline. Splenocytes (10 5 ) from vaccinated mice were pulsed with 10 g of specific peptides and then cultured in 100 l of RP10 medium per well. P815 cells were coated with 10 g of peptides per ml in phosphate-buffered saline at 37°C for 1 h and then washed twice with RP10.
Concanavalin A-stimulated splenocytes served as a positive control. Coated or uncoated P815 cells (10 5 ) were added to splenocytes in 100 l of RP10, and after 20 h of incubation at 37°C and 5% CO 2 in the presence of 30 U of interleukin-2 per ml, the plates were washed 10 times with 0.05% Tween 20 in phosphatebuffered saline (washing buffer). To detect IFN-␥-positive spots, 0.25 g of biotinylated anti-mouse IFN-␥ monoclonal antibody XMG1.2 (B&D) per ml in 100 l of washing buffer was added and incubated at 37°C for 2 h. Plates were washed 10 times and incubated for 1 h at 37°C in 100 l of a 1:20,000 dilution of alkaline phosphatase-coupled streptavidin (B&D). After five washes, spots of IFN-␥-secreting cells were visualized by adding 50 l of the ready-to-use substrate 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT; Sigma) dissolved in water. The reaction was stopped after 15 min at 37°C by several washes with distilled water. After drying, spots were counted under a dissecting microscope at threefold magnification or counted automatically with a Bioreader 2000 (Biosys, Karpen, Germany). Frequencies of peptide-specific T cells are expressed as spot-forming units of IFN-␥-secreting cells per 10 5 splenocytes.
For detection of Rv15101-, Rv2520c-, and Rv3407-specific MHC class IIrestricted T cells, a slightly modified protocol was employed (15) . To induce specific cytokine secretion by antigen-specific T cells, 10 5 splenocytes per well were stimulated with 10 g of heat-denatured protein lysate of H37Rv per ml in 100 l of RP10 for 3 days. The J774A0.1 macrophage-like cells were pulsed with 10 g of heat-denatured protein lysate of H37Rv per ml in RP10 at 37°C for 1 h and subsequently washed twice with RP10. Coated or uncoated J774A.1 cells (10 5 ) were added to splenocytes in 100 l of RP10 and after 20 h of incubation at 37°C, 5% CO 2 in the presence of 30 U of interleukin-2 per ml, plates were washed 10 times with washing buffer. Plates for IFN-␥ detection were prepared as described above. Incubation times and detection followed the Elispot protocol for MHC class I-restricted T cells.
ELISA. Antibody titers were measured by enzyme-linked immunosorbent assay (ELISA) of pooled sera. Briefly, 96-well microtiter plates were coated overnight with 1 g of M. tuberculosis protein lysate in 0.1 M carbonate buffer. Blood was collected from vaccinated mice. The sera were diluted, and the endpoint titer was determined as described previously (15) . We used the endpoint dilution of 1:50. For determination of isotypes, peroxidase-conjugated rabbit anti-mouse immunoglobulin G1 and immunoglobulin G2a (1:2,500) were used. These antibodies were diluted and incubated sequentially on the plates at 37°C for 2 h. Sera from nonvaccinated mice and BCG-vaccinated animals served as controls.
Statistical analysis. The significance of differences was calculated according to Student's t test and the nonparametric two-tailed Mann-Whitney test with a confidence interval at 95% and a P value of Ͻ 0.05 considered significant. The individual groups in each experiments contained either five to six mice for the initial screening procedure or at least seven and, occasionally, 10 mice per time point for verification. Mean values of in vitro studies are based on three replicates.
RESULTS

Selection and characterization of protective antigens.
A proteome comparison was performed between M. tuberculosis and M. bovis BCG to identify genes which are expressed in M. tuberculosis but absent in M. bovis on the protein level (22, 28) . More than 60 proteins were identified which were differentially expressed in M. tuberculosis and BCG (22, 28) . Of these, 36 were tested as naked DNA vaccine candidates in an initial screening for their protective efficacy in a mouse model. Table  1 shows the protein expression profile. Note that only seven of the 36 differentially expressed proteins were absent from the genome of BCG, while 29 were encoded in the genome of BCG but differentially expressed as proteins. Most of these candidates induced reduction of CFU in lungs after low-dose M. tuberculosis aerosol challenge at day 14 postinfection, while only a few protected at later time points. Figure 1 shows representative data for 15 vaccine candidates in lungs. CFU counts in spleens revealed similar results, indicating no difference in dissemination of the different DNA vaccine candidates (data not shown). We repeated the experiment with the DNA vaccine candidates which showed protective effects and subsequently grouped all candidates according to their vaccine efficacy (Table 1) . Verification revealed that three DNA vaccine candidates provided appreciable levels of protection comparable to the control antigen 85 (Ag85; Rv3804) at day 30 and day 60 postchallenge (Fig. 2) . Preliminary histology after challenge infection from the lungs of DNA-vaccinated animals did not show any difference from control animals (data not shown).
General agreement exists that Ag 85 is one of the most efficacious vaccine candidates known (22, 28) . The three antigens which provided appreciable levels of protection were Rv2520c, which encodes a transmembrane protein of unknown function with a mass of 8.6 kDa; Rv1511, which is a putative guanine diphosphate-D-mannose dehydratase of 40 kDa; and Rv3407, which encodes a protein of unknown function with a mass of 10 kDa. The candidate Rv3407 was identified previously as being slightly expressed in virulent M. tuberculosis but absent in BCG (22, 28) . In the experiment shown in Fig. 2 , BCG vaccination, which was used as a positive control, provided significant protection of 0.8 log at both time points, Table 1 ) are shown in a box and whiskers graph. The box extends from the 25th percentile to the 75th percentile, with a line at the median. The whiskers extend above and below the box to show the highest and lowest values. Statistical analysis and P values were determined by the two-tailed Mann-Whitney test, and significant differences (P Ͻ 0.05) are indicated by an asterisk. At least five mice per group were used. 
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whereas the empty-vector control resulted in no protection. The Rv3407-encoding DNA vaccine induced comparable protection (0.7 log) at day 30 postchallenge, and then slightly decreased to 0.5 log by day 60. The vaccine candidate Rv2520c achieved intermediate protection which was, however, not significantly different from the vector control in most experiments.
Frequencies of IFN-␥-secreting T lymphocytes after DNA vaccination. Antigen-specific IFN-␥ secretion by spleen cells from vaccinated and control mice was analyzed by Elispot assay (Fig. 3) . Splenocyte responses were stimulated either by soluble protein lysate of M. tuberculosis or by peptides representing predicted dominant MHC class I epitopes ( Table 2) . The prediction was done by MAPPP (17) , which combines existing prediction tools for proteasomal processing and MHC class I anchoring. This combination enhances the accuracy and significance of the results. IFN-␥ responses were measured 28 and 35 day after the second booster vaccination. At day 28 postvaccination, the vaccine candidate Rv1511 failed to induce any specific IFN-␥ secretion, whereas vaccine candidates Rv2520c and Rv3407 induced IFN-␥ production in the form of peptides and protein lysate. At day 35 postvaccination, Rv1511 induced IFN-␥ secretion in response to most predicted peptides. Similarly, vaccine candidate Rv1511 induced an IFN-␥ response with M. tuberculosis lysate at this time point. The vaccine candidate Rv3407 induced specific IFN-␥ responses with both, peptide and lysate, although at this time point, only 1 of the 2 predicted peptides induced IFN-␥ secretion after restimulation. In contrast, the vaccine candidate Rv2520c failed to stimulate IFN-␥ secretion at this later time point. We assume that the failure of Rv2520c and Rv1511 to consistently induce protection was related to the missing IFN-␥ responses at early (Rv1511) or late (Rv2520c) time points. In contrast, consistent protection induced by Rv3407 correlated well with the capacity to induce IFN-␥ responses at early as well as late time points.
Specific antibody responses. Sera from three mice per group were collected at day 35 after the last booster vaccination. Serum dilutions were prepared and an endpoint titer of 1:50 was determined. The three vaccine candidates induced specific antibody responses (Fig. 4) . Although vaccine candidate Rv2520c induced high IgG1 and IgG2 antibody titers, vaccine candidate Rv3407 produced only weak antibody responses of the IgG1 isotype and no IgG2 response. In contrast, vaccine candidate Rv1511 also induced IgG2a antibody secretion. Thus, the capacity to induce profound antibody responses did not correlate with the protective capacity of the three vaccine candidates.
BCG prime-naked DNA vaccine boost protocol against tuberculosis. Mice were prime vaccinated with BCG and after 120 days, two additional booster vaccinations with the naked DNA vaccine candidates were performed (Fig. 5) . At day 21 after the last booster vaccination, mice were aerosol challenged with a low M. tuberculosis inoculum. At day 30 and day 60 after challenge infection, bacterial counts in lungs were determined. Vaccination with BCG alone achieved protection of approximately 1 log and additional boost with Rv1511 or Rv2520c did not increase protection significantly. Importantly, boost vaccination with Rv3407 significantly (P Ͻ 0.05) increased protection by BCG prime by 0.23 log or 0.27 log at day 30 or day 60, respectively. Thus, the heterologous BCG primeRv3407 boost vaccination induced protection superior to BCG alone. These results exemplify the potential of this heterologous prime-boost vaccination schedule and suggest that it should be further exploited for control of tuberculosis.
DISCUSSION
This paper demonstrates that heterologous prime-boost vaccination significantly improves protection afforded by BCG alone. Previously, numerous prime-boost vaccination protocols have been employed in various infectious disease models with (48) as antigens. The prime-boost vaccination regime comprising naked DNA priming followed by a boost with recombinant MVA has been successful in AIDS (1, 18, 20, 44) and malaria (29, 34) . However, only a few protocols considered the fact that BCG priming needs to be included in clinical tuberculosis vaccine trials, as BCG immunization is done in early childhood. Our approach, therefore, began with a BCG prime. Currently, two major avenues of vaccine design against tuberculosis are being followed (24): First, viable vaccines either as gene deletion mutants of M. tuberculosis or as recombinant BCG expressing additional antigens or immunomodulators. Second, subunit vaccines either as protein adjuvant formulations or naked DNA vaccines. Some viable vaccines induce better protection than BCG. However, application of recombinant viable vaccines to humans is hampered by regulatory and safety issues. In contrast, subunit vaccines generally induce lower and rarely equal protection to BCG.
In order to achieve superior protection to BCG by a subunit vaccine and to fulfill requirements for subsequent clinical field trials, we decided to use a BCG primer followed by boost vaccination with a single-subunit vaccine candidate. We combined this strategy with a rational broad-scale search for protective antigens. Although we reported recently that equal protection is induced between postprimary M. tuberculosis infection and BCG vaccination in mice (32) , enhancement of the immune response against tuberculosis by various vaccination schemes and combination of different vaccine candidates is conceivable. Our data are consistent with the previously published observation that Ag85 can reestablish protection at prolonged time periods after BCG vaccination (4). Reciprocally, Feng et al. found that protection by DNA priming is augmented by BCG boosting (10) . Although this finding is coherent with our notion that prime-boost protocols induce superior protection to BCG vaccination alone, this strategy is less attractive for vaccination trials which are based on childhood BCG vaccination. Protection against tuberculosis critically depends on T lymphocytes, rendering identification of protective antigens a difficult task (24) . Thus far, the criteria, which define a protective T cell antigen, remain elusive. It has been claimed that an antigen's unique presence in the pathogen, abundance, secretion and/or distinct physicochemical properties are of critical importance. Indeed, in experimental listeriosis, immunodominant antigens have been described which induce protective (40) . In contrast, identification of immunodominant antigens has not been successful in tuberculosis. The antigens currently used in protection studies include HSP 60 (46), mtb8.4 (7), Ag85 (12, 14) , ESAT6 (3, 36) , and a fusion protein comprising both ESAT6 and Ag85 (37) . These antigens have different features and were used in different vaccination protocols making it difficult to envisage general criteria which define protective antigens. Yet it is also clear that differences exist and that the vast majority of M. tuberculosis proteins fail to induce any protective response. We based our strategy for identifying protective antigens on the assumption that proteins which are differentially expressed by M. tuberculosis compared with BCG can possess protective potential. To this end, we performed proteome analysis of M. tuberculosis and BCG and subsequently identified at least 60 proteins which were more abundantly expressed by M. tuberculosis than by BCG. The genes encoding for 36 proteins were used for construction of naked DNA vaccine candidates which were subsequently tested in a high throughput vaccination protocol. Of the antigens tested, three appeared promising in that they induced protection of approximately 0.5 log. Subsequent more detailed analysis revealed that antigen Rv3407 was able to induce significant protection at about the level afforded by BCG and Ag85 (Rv3804). In contrast, the two other antigens, Rv1511 and Rv2520c, failed to induce reliable levels of protection.
Antigen Rv3407 is interesting in that the coding gene is present in the genome of BCG. However, it is not detectable in the proteome of BCG cultured in vitro. We assume that Rv3407 has a protective capacity which is, however, impaired because it is only expressed in low abundance by BCG. We suppose that overexpression of Rv3407 under the control of a strong promoter could increase the vaccine efficacy of BCG. More importantly, we succeeded in improving the vaccine efficacy of BCG by overcoming the weak antigenicity of Rv3407 with low abundance in BCG by prime-boost vaccination.
We also determined IFN-␥ and antibody responses induced by these vaccine candidates. Consistent with the robust protection induced by Rv3407, prominent IFN-␥ production and low antibody responses were observed. It is generally accepted that both CD4 and CD8 T lymphocytes are required for protective immunity against tuberculosis (13, 24) . In vitro stimulation with protein antigens almost exclusively stimulates CD4 T cells due to the fact that soluble protein antigens are primarily processed via the MHC class II pathway. In contrast, MHC class I-restricted CD8 T cells are virtually unresponsive in this protocol. CD8 T lymphocytes, however, can be stimulated by antigen-presenting cells pulsed with peptides representing MHC class I epitopes.
MHC class I epitopes of the DNA vaccines used were calculated by the prediction tool MAPPP (17) . We determined the protein and peptide responses induced by the vaccine candidates. In accordance with the profound protection induced by Rv3407, IFN-␥ was induced by proteins and peptides at both time points measured. In contrast, Rv2520c and Rv1511 produced appreciable IFN-␥ only at day 28 or day 35, respectively. Further analyses will be needed to address the differential kinetics of IFN-␥ induction by these DNA vaccine candidates. Nevertheless, these antigens were potent inducers of antibody responses, supporting the notion that IFN-␥ re- Our finding that boosting with Rv3407 improved the vaccine efficacy of BCG suggests that future clinical trials can be performed in BCG vaccinated individuals and, moreover, that subunit vaccination can be used to improve preexisting protection evoked by BCG. Although initial studies in animal models demonstrated potent activity of DNA vaccines in various infection models, studies in humans were disappointing (19, 26) . More recent protocols comprised of priming with naked DNA and booster vaccination with recombinant MVA show that naked DNA performs better in macaques and humans if administered as part of a prime-boost regime (29) . Therefore, the capacity of BCG prime and naked DNA boost vaccination in humans should be exploited for three reasons: (i) BCG needs to be included in future vaccine trials against tuberculosis; (ii) naked DNA vaccination has been shown to be effective in humans with prime-boost vaccination protocols; and (iii) this vaccination regime was capable of improving BCG-induced protection. In conclusion, our results provide evidence that a BCG-naked DNA prime-boost vaccination protocol represents a valuable candidate for future vaccine trials targeted at one of the major health problems worldwide.
